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INTRODUCTION

Before discussing spacecraft propulsion, it is well to define what we
mean by a spacecraft. A spacecraft is a vehicle that travels outside the
earth's atmogphere for the greater part of its mission. Using this defini-
tion, the simplest examples of spacecraft are high-altitude sounding rockets
or long-range ballistic missiles, popularly known as IRBM's (intermediate
range ballistic missiles) and ICBM's (intercontinental ballistic missiles). _
From these we go to the more advanced devices - the earth satellite, the deep
space probe, the interplanetary vehicle, and so forth. The research and de-
velopment of the missiles was largely responsible for prov1d1ng rocket pro-
pulsion systems adequate for advanced space activities.

Using missiles as an example of a simple spacecraft, figure 1 shows
that to cause a body to travel from point A on the earth's surface to point,
B on the earth's surface by means of a ballistic trajectory in space requires
that the body be accelerated to a velocity of 9500 miles per hour if A and B
are 1500 miles apart and a velocity of 16,000 miles per hour if A and B are
5500 miles apart. In each case, the accelerating period should be quite
short, being measured in minutes. The relation between distance traveled and
the velocity to which the vehicle is accelerated is not linear asg is shown in
figure 2. Figure 2 also shows that the distance becomes asymptotic to a ve-
locity of about 17,000 miles per hour. It is assumed in the figure that the
angle of flight relative to the earth's surface at the end of the accelerating
period is such so as to give maximum range. This angle varies from about 40°
to the horizontal for the 1500 mile range to sbout 25° for the 5500 mile
range. At the 17,000 miles per hour, if the vehicle is above the earth's
atmosphere and at an angle reasonebly close to tangency with the earthts sur~
face, the distance becomes infinite, that is, the vehicle goes into orbit
around the earth. In this case the velocity imparted to the body at the
appropriate distance from the earth (about 300 miles) produces a centrlfugal
force just equal to the earth's gravitational pull.

AMuch of the informetion contained in this paper has been published in
two previous papers by the author: (1) "Spacecraft Propulsion and High
Energy Fuels," presented at the Symposium on High Energy Fuels of the Meet-
ing of the Americen Chemical Society in Boston, Massachusetts, April 10,
1959; and (2) "Aircraft and Spacecraft Propulsion," presented at the Special
Anniversary Meeting of the Canadian Aeronautical Institute, February 23-24,
1959 in Montreal, Canada.



Going a step farther (fig. 3), if the velocity of the vehicle in orbit
is increased an additional 7000 miles per hour, it will travel outward from
the earth orbit and if aimed correctly, will apprbach the moon. At about
200,000 miles from the earth and 40,000 miles from the moon, the moon's
grav1tatlonal pull on the body ‘will exceed that of the eéarth. If, as the
vehicle approaches the moon, it is slowed down by about 1500 mlles per hour,
At'will go into orbit around the moon. An additlonal decrease in velocity
of 4000 miles an hour and ‘the body will be drawn into and land on the moon.
The velocities given here will vary with the specific flight plan chosen.

Repeating these velocities in magnitude but in the opposite direction
and with appropriate guidance, the vehicle will go into moon orbit, leave
the moon orbit, and start toward the earth, enter an earth orbit, and ‘
flnally, land on the earth The dlmens1ons in flgure 5 are approx1mately
to scale, -

We have seen from these examples that controlled space travel is largely
a matter of 1mpart1ng veloc1ty changes to the vehlcle, changes that vary both
in magnltude and. dlrectlon It 4is notlced that the actual velocity of the
vehicle is not necessarlly stated, only the veloc1ty change. For instance,
although the vehicle left the earth orbit at a velocity of 24,000 miles per
hour (17,000 + 7000), its velocity relative to the earth contlnually decreased
as the moving vehicle did work against the earth's gravitational field. At
10,000 miles from the earth its ve1001ty relative to the earth would be about
13,000 miles per hour, and the veloc1ty would' continue to decrease until the
grav1tatlonal pull of the moon caused the vehlcle to accelerate agaln

We now deflne the spacecraft propuls1on system as a- dev1ce for changing
the veloc1ty of a spacecraft in elther magnltude or dlrectlon Referrlng
again to the moon lending sand return, 'the total velocity change " requlred is -
59 OOO mlles per hour (table I). Of this ve1001ty change, 42,000 milés per
hour must be supplled by the propuls1on system For the flnal 17, 000 miles
per hour" 1ncrement to return from earth orbit to the earth, all but a small-
fractlon Wlll be accompllshed by means of aerodynamlc drag as the vehlcle
passes through the earth's. atmosphere.

. /l» "

Representatlve veloclty changes for dlffef»nt mlSSlonS as estimated by
Sutton are given 1ln figure 4. ‘These ve1001t1es \1ll vary with the particular’
mission path, but not sufficiently to change the“gpasic plcture. ‘Where a
return to earth is 1nvolved, the veloc1ty decrease’ of about 17,000 miles per
hour from earth orbit to earth's surface is for “+the most part accompllshed .
by the resistance of the earth's atmosphere B

- To change the velocity of a spacecraft in magnitude or direction, the
propulsion system must exert a force on the body. To exert a force.arti-
ficially ‘on’a body in space; & mass must -be-.accelerated from, or energy must
be discharged from the hody, thus producing a reaction .force on the body;. .
or mass or energy must strike the'body, adherihg'to,'or ‘being reflected from
the body. The system -of- acceleratlng a mass from the hody is the one cur-
rently used. - S . : :



The mass accelerated from the body can be either solid, liquid, or gas.
As a matter of convenience, it is accelerated in the form of a gas. This
gas is termed the propellant. Reflection of photons (energy) from the sun
off the body is under research considerstion but will be referred to only,
briefly here. : :

Through this discussion, mass will be used, rather than weight. The
weight of a body is the gravitational pull of the earth on the body, and,
consequently, varies inversely as the square of the distance from the earth's
center. The mass of the body is an inherent property of the body and, under
the conditions discussed in this paper, remains constant. The weight of
the body at earth's sea level is numerically equal to the mass of the body.

We know that if the propellant is discharged at a given rate having
been accelerated within the vehicle to a given velocity, the force produced
on the vehicle is expressed by

F=$VP (1)
in which

F force produced

MP mass of propellant discharged

t fime during which discharge takes place (MP/t is therefore rate of
propellant discharge)

Vp  velocity of propellant discharge relative to the vehicle, that is,
velocity to which propellant is accelerated

The change in velocity produced on the vehicle is
F
My : ,

in which

MV - mass of the vehicle

Vy  the change in vehicle velocity produced by the force F

t the time during which the force acts 7
The time during which the force acts is the time during which the proQ

pellant is discharged. The value of force F in equation (1) can be sub-

stituted in equation (2), giving

Vy "”3—5 Vp (3)



o velacitles

the natural 10gar1thm of the ratlc of the mass of tbe vehicle plus ‘propel~
lant at the start of &scceleration to the mass of the vehicle less propellant
discharged during the acceleration.

We now rewrite equation (4) as

Vg = T 1n(;%) (s)

Mg = ¥y + Mp

The reason the logarithm enters into the relation is thet each increment of
propellant carried gboard must be accelerated as part of the vehicle until
such time as the increment is discharged. To give a general idea of the
valueg of the logarlthms for the range of interest, table IT is presented.
We see that an eightfold incresse in the ratio of messes resulis in approx-
imstely a threefold increase in the logarithm and therefore in the vehicle
veloelty. Phe velocity increase Vy© is added vectorily o any velocity
the vehicle had at the start of the accelerating period.

in vhich -

The importance of eguation (5) camnot be overemphasized. The eqpatlon
showg thet the velocity change to the vehicle varies directly with the ve- =
loeity with which the propellant ig dlscharged For this reason much of
the present dlscus on Wlll be on the mean$ of obtaining higher propef a
It is £




the vehicle to the earth's full gravitational field. In cases where ‘the
gravitational forces are 31gn1flcant a modlflcatlon is requlred to eque-
tion (5) as follows::

Vy =Vp In T -Bet (8) ..
in which

g average graivitational force acting on vehicle during the accelerating
"~ period ‘

t | time for acceleration
Whether or not the term get need be conéidered'depends on>itsvmagﬁi#

tude in relation to Vp ln.ﬁf . The velocity of a vehicle in space is of

course always changing because of the vector sum of all the gravitational
forces acting on it. It was this fact that led astronomers to locate the :
planets Neptune and Pluto through their grav1tat10nal effects on the veloc—'
ities of the other planets.

One more change will be made in equation (5). 1In space flight the:
vehicle is often divided into two major parts. The first is the propulsion
system, propellant tankage, and necessary additional structure. 'The second
is the device that is performing the desired operstion. in space. - This -~ .
part is termed the payload. Unfortunately, payload cannot be'defined.pre= .-
cisely. On current spacecraft, the payload is that portion that contains
the instruments or passengers, which are being used in accompllshlng the
specific objective of the mission. From this standpoint the vehicle mass
can be geparated into two parts.

My = Mgy + Mpr,
in which
MSt. the mass of propulsion system, propellant tanks, additional structure
Mpr, the mass of the payload thet performs the actual space missioﬁ “

- In & multistaged rocket, the payload of each stage;consistsAof all the
subseguent stages, plus the final payload. Equation (6) can.now be.rewritten

B l ‘ " P
Vy = Vp 1n -8 .t A7)
. Yoo Mg
in which . - :
Mg = Mgy + Mp + Mpp  '(8) .

Equation (7) indicates the importsnce of a low value of Mgy thet.is;'
of the ratio Mgy/My.
-5 -



We‘emphasized previously the importance of propellant velocity. We
will now examine the effect of the ratio MSt/MG' To do this we must

assume representative values. Tn a chemical rocket avratio: Mét/MG» of
0.10 is reasonably representative. Values of M?L/MG from 0.05 to 0.33

are appropriate. Consider first the ‘Q.OS value. A decrease of 20 per-

cent in MSt/MG from 0.10 to 0.08 changes the fraction S from

Yot Mer

Mo = My
6.67 to 7.69 and the natural logarithm of the fraction from 1.90 to 2.04,
giving an increase of 7.5 'percent in the vehicle velocity. Using the value
of 0.33 for M?L/MG and the same values for MSt/MG’ the increase in ve~

hiecle velocity becomes 6 percent. Although the effects here are less than
those with changes in propellant velocity, they are still important.

We have now presented the basic equations that determine the change in
vehicle velocity as a result of the force produced by the propulsion system.
We see that the factors of major importance in obtaining a given payload
velocity change are: (1) the velocity with which the propellant is ejected
from the vehicle by the propulsion system, (2) the ratio .of . wzi T o7
the weight of the vehicle less propellant and payload to the gross welght
and (3) (if significant gravitationel forces are acting on the vehicle), the

time during which the force acts.

" -One more term will be discussed before taking up the propulsion system -
that is, specific impulse. Equation (7) and the preceding equations use the
propellant velocity Vp as the significant variable. The term more gener-
ally used is specific impulse, IS , that is,the pounds of thrust (force)
produced by the propulsion system for each pound per second of propellant
discharged. The propellant velocity in feet per second is, in fact; numer-
ically the force produced by the propellant in poundals. Therefore, divid-
ing the propellant velocity in feet per second by g (32.2 ft sec"z) gives
the propellant force in pounds of thrust per pound of propellant discharged
per second; or expressed generally,

| | Vp = g Ig (9)
We are now ready to turn to the propulsion system.

The propellant system, as was stated, 1s a device that produces a force
by acceleratlng a ‘mass (propellant) from the vehicle. Therefore, the system
must contain in addition to the propellant, an energy source, a device for
converting this energy into a form (heat or electricity) that can be used to
accelerate the propellant and also a means for accelerating the propellant.
The propulsion system can be conveniently outlined as shown in figure 5.

The energy source can be nuclear or chemical. The propellant can be carried
in the form of & solid, liquid, or gas. In practice, it is carried as a
solid or liguid and for convenience, converted into a gas before being accel-
ersted from the vehicle. The propellant cduld be energy (photons) rather
than mass. The powerplant performs the three functions listed. There are
the materials of which the powerplant is made, and In some cases, a heat-
transfer fluld is required to transfer energy in the form of heat within the

- 6 -



powerplant or to cool the powerplant. The propulsion system will be dis-
cussed under these five major headings. I '

The space propulsion systems ‘are, in general, referred to as rockets.
They can be divided into thermal or electric rockets. The thermal rockets
are either chemical or nuclear (fig. 6). In the chemical thermal rocket,
the combustion of fuel and oxidant form a hot combustion gas (propellant),
which is accelerated by expansion through the nozzle. In the nuclear
thermal rocket the gaseous propellant is passed through a nuclear reactor
and thereby, heated. The hot propellant is expanded through the nozzle
and so accelerated. ' ' o

The nuclear electric rocket is shown in figure 7. It, as well'as the
thermal rockets, will be discussed in more detail later. It is sufficient
to say for the present that with the electric rocket electric power from
an electric power generating system accelerates the propellant.

With this brief description of the systems, we will turn to a detailed
discussion of the spacecraft propulsion system components as dlagrammed in
figure 5. :

ENERGY SOURCE AND PROPELLANTS
Chemical and Nuclear Reactions

. Energy from the source, either chemical or nuclear, is transferred into
heat or electricity by either combination of two or more elements or com-
pounds or by decomposition of one or more elements or compounds: (flg. 8).
Chemical energy can be converted into heat or into electricity, the basic
process is the same - interchange of electrons between the elements or com-
pounds involved. Nuclear energy can be converted directly into heat and
from heat to electricity either by means of conventional electric power gen-
erating devices or by means of thermopiles, or considering solar énergy
directly into electricity through photoelectric cells. These latter -pro-
cesses are currently of too low efficiency to be used as propulsion de=
vices. Research to improve these efficiencies is being pursued actively.
The nuclear energy conversion to heat can take place in a nuclear reactor
or can be from the sun in the form of radiant energy. For space propulsion
all phases listed in figure 8 are under consideration, although current
usage is limited to chemical combination or decomposition with the release
of heat. :

It is advisable fo discuss briefly the difference between a chemical
and a nuclear reaction. TFigure 9 shows examples of simple chemical and
nuclear reactions. In each case, the nucleus of the atom is represented
by the solid circle. The protons in the nucleus are indicated by +'s
and the neutrons by n's. The electron orbits surrounding the nucleus are
indicated by the dashed circles and the electrons by the solid circles
placed on the orbits. It is noted that in the chemical reaction thé nucleil
remained unchanged, only the electrons being involved. The elements are
therefore unchanged, only rearranged. In the nuclear combination, heavy



hydrogen (also called deuterium) is shown. In this case the nucleus has
one neutron as well as the proton. Now, in the reaction, the nucleii are
changed. The two heavy hydrogen atoms become one helium atom plus a free
neutron. As will be shown later, this difference in the chemical and
nuclear reactions results in a tremendous difference in energy release
rer unit mass of material involved.

Figure 10 shows examples of chemical and nuclear combination and dis-
sociation using the more conventional symbols for the chemical elements
involved. The symbol eV indicates the energy released in the reaction.
We will discuss its magnitude later. In the nuclear equations, the left-
hand subscript indicates the number of protons in the nucleus (that is,
the atomic number). The right-hand subscript indicates the number of pro-
tons plus the number of neutrons (that is, the atomic mass). The third
nuclear equation represents radioactive decay such as occurs in nature.

The energy source in the space propulsion system will consist of one
or more of the chemical elements as listed in the periodic table (fig. 11).
The elements may be in atomic or molecular form. For chemical reaction,
molecules rather than atoms are used. Chemical energy conversion to heat
or electricity will be considered first.

Chemical Energy Conversion

A chemical reaction involves the atomic electrons and not the nucleus.
For the most part the electrons involved are those in the outer shell.
These vary progressively in number from one to eight. These are shown in
figure 11 diagrammatically around the Roman numerals designating the re-
spective columns. An enlargement for four of the elements is shown in fig-
.ure 12, which includes two elements with one electron in the outer shell,
indicated by K for hydrogen (H) and P for cesium (Cs). The two other
elements shown, oxygen (0O) and polonium (Po), have six electrons in-the
outer shell. Since the number of electrons involved in the outer shells
varies progressively from one to eight and since these are the electrons
in general that are involved in a chemical reaction, it is reasonable to
expect that a curve of energy release versus atomic number should be
periodic in form and that the different meximum energies in the curve
should be about the same. The proof of this is shown in figure 13 in
which the calculated energy release, either in the form of hesat or elec-
tricity, is shown for the various elements reacting with oxygen. In
choosing fuels and oxidants, the energy release per unit mass is of more
interest than the release per molecule formed. The data in figure 13
are replotted on a mass basis in figure 14. Since the molecules formed
in the reaction become heavier as the atomic number of the element in-
creases and since the ratio of "fuel" to "oxygen" in the reaction varies,
the curve shows continually decreasing maxima as atomic number 1s increased
.and there are certain changes in the elements from figure 13 to 14 at which
the meaxima occur. Figure 14 indicates that the elements of interest as
chemical rocket. fuels are hydrogen and those of atomic numbers close to
beryllium (Be) and aluminum (Al) and possibly scandium (Sc). This section
of the curve is enlarged in figure 15, in which the primary oxides and
the liquéfaction (boiling) temperature of certain of the oxides are also
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shown.. The ox1des llsted are 1n fact ceramlcs Without going into detail,:
it is reasonsble to state that high. llquefactlon temperature ecombustion . -
products will probably be a source.of trouble, from the -standpoint of ex-
tracting. the heat both from the’ llquefled or solidified drops or from de- |
posits formed within the propulsion system. For this reason, the light
metals will probably be used in rocket fuels in reasonably limited -
percentages o : : :

“From flgure 15 the elements of 1nterest as space propu131on fuels in
chemical ~-thermal systems are, in general, those listed under heat in fig-

ure 16. Without going into detail, the oxidants of most interest are cur- -~

rently fluorine and oxygen. Two elements,. nitrogen (N) and chlorine (CL),
are listed as carriers. Although the.term carrier is not too satisfactory,
these two elements are used extensively to form suitable solid or liguid
rocket fuels and oxidants. The lower half of figure 16 lists certain com-
pounds that are used in the direct production of electricity by chemicsal
reaction. The-corresponding numbers under A and B represent corresponding
half cells or as they might be termed ox1dants and fuels. With the excep-
tion of the oxygen-hydrogen cell _the elements involved have high atomic
weights. and, therefore, yield low energy outputs per mass of reactants.
Direct conversion of chemical energy to electr1c1ty is not currently of =
interest as a means of spacecraft propulsion, but is of interest as a
means of producing electric power for other use aboard the craft.

Following the conversion of chemical energy into heat within the”pro- o

pulsion. system powerplant the héat must be transferred. to the propellant..
Since, in this case the propellant is the exhaust gas Tormed during the

combustion of fuel and oxidant the first two stepsyconversion and transfer;"
take place 51multaneously The acceleratlon off the propellant is accom~. S
plished by expan51on through the rocket nozzle. The process may be v1sual-_”‘

ized as fbllows' Accordlng to the kinetic theory of gases, the kinetic

energy of a moleculé is dependent on the temperature. In other words, teﬁ7’,

perature is a measure of molecular kinetic energy

3 iy = KT - (10)

in which
m mean molecular weight of exhaust gas
mean molecular velocity .

v
K a constant (varying somewhat with the molecules involved)

T, absolute‘éombuétion tempereturei

Equation (10) mey be rewrittenlfli

[l ; ~
Vo = \"m
~ =S (11)

-9 -
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which states that the mean molecular velocity veries as the square root of
the gas temperature divided by the mean molecular weight. The mean molec-
ular velocity, V,, is, in fact, a measure of the heat (more correctly the
square root of the heat energy) released per unit mass as expressed in fig-
ures 13 to 15. The velocity V, is a random velocity. The purpose of the
expansion of the propellant gas through the rocket nozzle is to change this
random velocity in part into a directed velocity, Vp, of the propellant as

g Whole. It can be shown that the velocity to which the propellant is accel-
erated is directly proportional to the random molecular velocity resulting
from the combustion temperature; that is,)

g

Es

(12)

- In this manner the thermal energy of combustion expressed to a first
approximation in figure 15 accelerates the propellant (combustion or exhaust
gas). It is seen from equation (12) that & meximum value of T,/m is de-
sired; theré&fore, a high combustion temperature and a low mean molecular
weight of combustion products is desired.

Since the propellant is the combustion product: of fuel and oxidant,
the velues of T, and m are determined by choice of fuel and oxidants.

The combustion temperatures experienced in practice do not vary much - say,
from 4500° to 7000° F, the square root of the ratio of absolute values.

being 1.22, which represents spproximately the variation in propellant ve-
locity.or'Specific‘impulse as & result of temperature change. The variation
in molecular weight, as will be shown later, is from gbout 32 to 11, the
square root. of the ratio being about 1.70. The total variation in specific
impulse with currently considered fuels and oxidants is the product of these
two numbers or about 2.0.

Since the maximum value of the ratio Tc/m is desired, the ratio of

oxidant to fuel is adjusted to give this meximum, as shown in figure ¥7 for
mixtures of oxygen and a boron hydride. It is seen that as the oxidant -
fuel ratio is increased beyond the stoichiometric value of 3.5, the gresgter
affinity of boron for oxygen results in hydrogen eppearing in increasing
emounts dn the combustion products. Consequently, the average molecular
weight continually decreases, and the maximum value of propellant velocity
occurs at less than the maximum tempersture.

The second major factor affecting specific impulse is the pressure
ratio across the discharge nozzle. Considering the pressure ratios realized
in practice and the limitations on discharge nozzle design, this factor is
about 1.25 for the ratio of the specific impulse, or propellant velocity,
of a rocket designed to operate out81de the earth's atmosphere and one de-
signed for sea-level operation.

Figure 18 lists the specific impulses of representative oxidants and
fuels that are liquids or gases at atmospheric temperatures and pressures.

- 10 =



In each case, the oxidant is listed to the left (O3 for example) and the
fuel to the right (H2 for example). It is noticed that as a generality,’}f(

the simpler molecules have the higher specific impulse. Also, that with'
the larger molecules, hydrogen (a fuel) may sppear in the oxident and. - .
oxygen may appear in the fuel. This results in certain desirable charac- :
teristics at the expense of specific impulse. Those fuels (HZ) and oxi~ -

dants (02, Fz.or 05) that are normally gases are maintained as liquids by
means of refrigeration and are termed cryogenics. The required liquefac-
tion temperatures (boiling point) together with certain other properties
of interest in evaluating the fuels and oxidants are shown in figure 19.

Solid chemical propellants consist either of an intermixed fuel and
oxident, in which case the term composite propellant is used or of one or
more unstable compounds each of which will decompose of its own accord
with the release of heat. Since many solid propellants in this second .
category are based largely on a colloid of nitroglycerin and nitrocellu-
lose, they are often referred to as double-base propellants. For the
composite solid propellants, the oxidant is usually & perchlorate or a
nitrate. Again, the elements listed in figure 16 are des1red

Finally, so-called metastable, or free radical fuels and oxidants
might be mentioned. These are essentially partielly decomposed molecules
that, because of their partial decomposition, yield higher heats of com-
bustion than the more stable forms. Their inherent instability has so
far precluded their use in chemical rocketry.

Nuclear Energy Conversion

The limitation of combustion temperature and combustion product mole-
cular weight might be removed or lessened if an independent energy source
is used to heat the propellant. Nuclear energy is of great interest from
this stendpoint. Following the same procedure used with chemical energy, =
we will first exemine the heat output per unit weight of nuclear fuel con-
sumed. Figure 20 shows the calculated energy relesse for nuclear fu81on‘”
or fission. In the nuclear reaction the atomic nucleus, rether then the
surrounding electrons, are involved. Therefore, there is no periodic vari~"
ation involved ag with the chemical reaction. Without going into the '
reasoning, the binding energy of the atomic nucleii is highest for the atoms
of intermediate weight - say, those between calcium (Ca) of atomic mass
number 40 and bromine (Br) of atomic mass number 80. For elements lighter
than these, energy is generated through stomic fusion. For heavier elements
energy is released through fission. The values shown are for fusion or
fission to elements in the calcium to bromine range. The hydrogen fusion
as obtained currently is to helium, rather than to - say, calcium. Cons
sequently, the energy release is sbout 50<.lO9 Btu per pound,_ rather than
3354.0° shown. It is noted that these values are roughly 107 times those
shogwn for the chemical reactions in figure 14. In practice, a raktio of
10° is more reasonable because of the low "combustion" efficiency of the
nuclear reaction.

- 11 -



We see that with nuclear energy the mass of fuel consumed is negligible,
but a propellant must be provided. Since the basic relation involved (egq.
(12)) shows the desirability of a low molecular weight propellant, hydrogen
is chosen. The molecular weight of hydrogen is 2, approximetely one-gixth
to one-sixteenth that proposed with the chemical fuels giving, at the same
temperature, two to four times the specific impulse, that is, propellant
velocity.

In the case of the nuclear thermel rocket, the propellant is passed
through a nuclear reactor and thus heated. It is then expanded through a
nozzle, and so accelerated as was the case with the chemical rocket. The
temperature to which the propellant is heated is now limited by the temper-
ature to which the reactor can be heated. This will be discussed 1in more
detail later. Suffice it to say that current materials limit it to values
lower than the combustion temperature in the chemical rockets.

In summary, with nuclear energy the elements are the same as those nor-
mally considered for nuclear reactors, the heavy elements, uranium or plu-
tonium for fission reactors, and if the problems of controlled fusion are
solved, the light elements, hydrogen and possibly lithium, for the fusion
reactor. It is noted that the number of elements considered as energy
sources, either chemical or nuclear, is relatively small.

Blectrical Energy Conversion

The chemical or nuclear rockets discussed so far can be termed thermal
rockets, since energy in the form of heat is used to accelerate the propel-
lant. Because temperature is the major factor in determining heat, and be-
cause there is a limit to the temperature that can be withstood by the ma-
terials of which the rocket is made, 1t would be well to use a propellant
acceleration process that does not use heat. The thermal rocket accelerates
the propellant by first increasing the random velocity (heat) of the mole-
cules and then by expension through a nozzle, converting part of this random
velocity to a directed velocity of the propellant as a whole. If the atoms,
molecules, or even larger particles of propellant are charged electrically
and placed within an electrostatic or electromagnetic field, the field vol-
tage will impose a force on the charged particles and accelerate the pro-
pellant. 1In this case, the average acceleration of the individual par-
ticles becomes the acceleration of the propellant as a.whole. The equa-
tions involved are similar to equation (12) for the thermal process:

1.2
5 v, ~ EQ (13)

A Nr\/@:? (24)

in which
Vm average molecular velocity
B electrical charge imposed on the molecule

- 12 -



m  molecular (particle)weight
Q voltage imposed on the charged particles

',The charge E 1is in general that provided by the removal of one elec—
tron from the particle. There is a limitation 6 the voltage that can be -
used, but it is sufficiently high that it need not be considered here.
Therefore, since the value EQ in equation (14) is not limited as is Tg
in equation (12), low molecular weight propellants are not required in the
interests of high propellant velocities, that is, specific impulse. Since
the btemperature limitation has been removed or at least greatly lessened
much higher specific impulses currently appear possible than in the case
with thermal rockets.

An additional point must be considered, that is, the energy required
to remove the electrons from the propellant particles and thus give the
particles the necessary electric charge. This energy is lost to the system,
that is, it does no useful work in accelerating the propellant. The energy
required to remove one electron (the ionization energy) from each of the
elements is shown in figure 21. The periodic variation in the curve is
noted. It is also noted that the energy per pound required to ionize hydro-
gen is over 100 times the energy yield (fig. 15) from burning hydrogen with
oxygen. Whereas, because of temperature limitation, light elements are de-
sirable as propellants in thermal rockets, in electric rockets, heavier
elements are desirable because of lower ionization energy requirements. The
element cesium is an interesting possibility because the ionizetion energy
is low and cesium is a liquid at ordinary temperatures.

In discussing the electric rockets we will look a little further into
the ‘matter of removing the electron (ionization). Figure 22 shows an oxygen
atom on the left. It is noted that the number of electrons (8) equals the
number of protons. Since each electron contains one negative charge and each
proton contains one positive charge, the atom is electrically neutral. To
the right is shown an oxygen ion. This is an atom that has an electron re-
moved, irdicated to the extreme right. Since the stom, which is now termed
an ion, has one more proton than electron, it has a positive charge. The
removed electron is, of course, negatively charged. Under normel conditions
the electrons must be physically removed from the presence of the lons or
they will recombine. The separation can be accomplished by having material
preseiit that will absorb the electrons and carry them from the ions. Having
separated electrons and ions, each can be accelerated and discharged from '
the spacecraft by means of an electrostatic field. Again, the thrust pro-
duced is given by equation (1) in which Mp is now the sum of the mass of

ions plus electrons. Actually, the mass of electrons discharged is so small
compared with that of the ions thet their effect can be neglected. This
type of electrical system is often termed an ion jet or rocket. :

. If sppropriate conditions of pressure esnd tempersture exist, electrons
end protons cen remsin together without recombining. In this case, an elec-
tromegnetic field is required to accelerate the. propellant (mixture of ions
end electrons). This type of electric system is termed s plasma jet or
rocket and the mixture of ions and electrons is termed a plasma.
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For the ilon and plasma jets, nuclear energy will be used to produce
the electric energy required for the ionization process and to produce-the
electrostatic or electromagnetic fields. Propellant velocities of several
hundred thousand miles per hour (specific impulses of 10,000 or higher
pounds thrust per pound of propellant discharged per second) can be produced
with ion or plasma jets as compared with valués of 6000 to 25,000 mlles per
hour with the thermal rockets.

Propellants

The propellants are summarized in figure 23. If the propellant is
accelerated by means of the heat produced chemically, the propellant is the
gas resulting from the combustion of fuel and oxidant. Remembering that
the significant factor in determining propellant velocity is the ratdo of
propellant (combustion) temperature to propellant (combustion products)
molecular weight, there is a limit to this ratio imposed by the temperature
of combustion and the molecular weight of combustion products. The limit ,
imposed on molecular weight can be partially removed by using nuclear energy
as the source of heat. In this case the lightest molecular weight gag ex-

isting in nature, hydrogen, can be used as the propellant

. By using an electrostatic or electromagnetic field as the means of pro-
pellant acceleration, both temperature and molecular weight limitations are
removed and propellant velocities of several hundred thousand miles per
hour are possible. By going to energy discharge (photons) rather than mass,
still higher specific impulses can be obtained, but the situation here is
far from clear at the present time. Much research is needed.

It must be brought out that as the propellant velocity, that is, spe-
cific impulse, is increased, the rate of energy expenditure, that is, power
in . the propellant jet, is increased which itself presents limitations. This
will be discussed further in a later section.

The phrase "of any element” in regard to plasmas indicates a lack of
knowledge rather than a broad choice. The designation of "photons" under
acceleration by radiation also indicates a need of research in order to
specify more clearly proT¥itable paths to follow.

In figure 24 representative gpecific impulses for the propellants are
shown. All figures seem reasonably sure of attaimment. For the higher ‘
values research and development are required. In addition to the specific
impulse produced, the specific jet power which must be supplied is also
indicated.

J

MATERIALS

We will turn now to the materials of which the powerplant is composed.
Our treatment of them will be rather brief. Of the items listed in fig-
ure 5 we will consider only the metals and the ceramics. The material prop-
erty most difficult to obtain in thermalApbwerplants is the ability to with-
stand the high operating témperatures desired. Practical turbine engines
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for alrcraft Were not achleved untll materlals Were developed that could
withstand stresses of the order of 25,000 pounds per square inch in the
presence of .hot oxidizing atmospheres. When alloys were developed that
could operate under these. condltlons at temperatures of 1200° F, turboget
engines came 1nto use. The progress made over a twelve-year perilod in
this. fleld is shown in flgure 25. We see that during this period the ',
operatlng temperature wes increased from sbout 1350° to, 1650O F - an in- .
crease . of . 500O F. These temperatures are sppreciably below those desired;w,p
for either chemical or nuclear rocket engines. Since the stresses .and .,
times of operation in spacecraft engines mey be less than the case with p‘
the turbine .aircraft engines, higher temperatures are feas1ble, but in
any cese the goal desired is some distance from realization. There are. .
many hlghly ‘competent people working in the fileld of high temperature ma-‘:
terials. Progress in the field is difficult. BRecause of the inherent , .
difflculties encountered, we cannot count on rgpid advances. Research s
leadlng to a better understanding of the physics of solids may give us

the improvements we want. To assist in understanding ‘the problem, flgure;ﬂgf
26 ;s presented showing the variation in melting temperature of the ele- .| .

ments as a function of atomic number. The melting temperature is the
first criterion in determining the suitability of a materlal for high ... .
temperature operatlon In general, the high stresy operating temperature o
of an alloy is about two-thirds the melting temperature of the major in-
gredient. Since melting temperature is dependent on the arrangement of
the electrons, a periodic variation iobtained with (other than the first
maximum at carbon (C)) successively increasing mexime at silicon (81),
chromium (Cr), molybdenum (Mo), and tungsten (W). For the high temper-,
ature’ alloys we are interested in the metals occurring near these maxima. ..
Spe01flcally, grouped in the order of increasing de51rablllty., (1) vanar,, .
dium (V), chromium (Cr), iron (Fe), cobalt (Co), and nickel (Ni); (2) = ~ .~
columbium (Nb), molybdenum (Mo), technétium (Te); and (3) tantalum (Ta),
tungsten (W), and Rhenium (Re). Each group is successively raper in the
earth's crust, whlch may or may not be objectionable, and is increasingly

subJect to corros1on in the presence of hot gases, which is obgectlonablerﬂgd

Each successive group is more difficult to fabricate. Much research, is

being conducted on alloys of these meterials to solve these problems . The‘g?

ceramlcs, including the oxldes of the light metals previously referred to.
are also ‘the subject of much research. Their low resistanceé to thermal
shock is one of the difficult problems to overcome.

Flgure 27 shows the material temperatures thet will be achleved 1f L
temperatures of about 80 percent of the melting or subllmatlon temperature;'
of the major constituent can be obtained. This figure may be considered
to represent research goals. ' ‘

HEAT-TRANSFER FLUIDS

Heat-trensfer fluids are uged in certain systems that require heat .to
be transferred from one part of the powerplant to .another or that require

cooling by other than direct radiation or conduction from the powerplant.,%;i
Along with heat-trensfer fluids, warklng fluids. for closed turblne-drlve‘j'f.

systems can be considered. Properties desired ares high specific heat
(1 e, dow molecular weight), high dengity, low corr051V1ty, low. response
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to radicactivity, an acceptable melting temperature. These properties are
not mutuslly compatible. Figure 28 lists materials of particular interest.

In specific instances, such as using a liquid chemical rocket fuel or
oxident to cool the combustion chamber and the nozzle, the liquid available
is determined primarily by its use as a fuel. or oxidant. Representative
values are shown in figure 29. In the figure the ordinate is Btu per sec-
ond cooling capacity per pound of thrust produced. In each case, satis-
factory use of the fuel as a coolant is reasonably assured, although chem-
ical stability poses some problems. The use of oxygen or fluorine oxidants
as cooleants is also given consideration. As with hydrogen, the liguéfied
gases are being considered. Since the critical temperatures of oxygen and
fluorine are somewhat high, a choice must be made as to whether or not the
coolant is to be Used gbove or below critical pressure. If the coolant is
used below the critical pressure, it is limited by the boiling point. The
solid portions of the oxident bars (fig. 29) represent the heat capacities
available within the limitations of the boiling points of the fluid at
pressures normael for cooling. However, if higher pressures are used, for
example 800 pounds per square inch, then the critical pressure is exceeded
and there is ho boiling point problem. Agein, the engine wall provides
the limit. The total heat capacity is represented by the total height
of the bar for each oxidant. '

THE POWERPLANT

We are now ready to discuss the powerplant as a unit. We stated in the
Introduction that the powerplant performed three fumnections. It transforms
energy, chemical or nuclear, to heat or electricity, transfers the energy
to the propellant, and accelersates the propellant (fig. 30).

The chemical energy (fig. 31) is transformed into heat in a combustor
and into electricity in a chemical battery. Nuclear energy is transformed
into heat by means of a reactor, or a radioisotope source. If radiant
energy from the sun is being used, it can either be converted into heat in
the powerplant by means of a heat sink, or into electricity by means of
an ionic process (taking certain liberties with terminology) through thermo-
piles or thermionic emitters, or through a photoelectric cell.

In the chemical thermal rocket the transfer of energy to the propellant
takes place simultaneously with the energy transformation into heat, that
is, in the combustion process (fig. 32). In the nuclear thermal rocket a
heat exchanger, that is, the reactor, is involved. Or to introduce a third
method, an electric discharge within the propellant could be used to heat
the propellant. Such & device is considered, but currently, the situstion
in regard to it is not clear. For the electric energy, the transfer takes
place by means of an electric or magnetic field.

Acceleration of the propellant in a thermal rocket takes place through
an expansion nozzle (fig. 33) as discussed previously. The turbojet and
ramjet are not used in space propulsion, but are listed here as a matter of
general interest. In the electric rocket, the transfer of energy and the
acceleration of the propellant take place simultaneously in the subjection
of the ion or plasmse propellant to the electrostatic or electromsgnetic field.
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Filgures 30 to 33 are summarized in figure 34 to show that the power-
plant can be outlined in an orderly manuner to bring out essential differ-
ences among the different types. ‘ S

Thermal Rockets

‘We-will next exemine the powerplant types in more detail. Figure 35
shows diagrammatically a chemical rocket using fuel and oxidant in solid” .
form, & chemical rocket using fuel and oxident in liquid form, snd & nuclear -
rocket using propellant (hydrogen) in liquid form. These rockets are termed
tempersture limited because in each case a temperature limitation, mentioned .
previously, is imposed. B o

In the case of the solid chemical rocket, burning takes place from the
hollow center of the solid charge toward the walls of the propellant case.
Consequently, the case is not subjected to the hot combustion gases until
near the»end of the combustlon period. The expansion nozzle on the other
hand is subject to a total temperasture equivalent to the combustion temper-
ature for the full burning period. Furthermore, the nozzle ig not cooled.
With the chemical liquid rocket the fuel and oxldent are pumped from the
fuel and oxident tanks (not shown) by means of the turbopumps indicated or
by pressurizetion to the combustion chember. Before entering the combus-
tion chamber (combustor) either fuel or oxidant is passed over the combustor
and expansion nozzle walls and provides ccoling. Both combustion cheamber
and expansion nozzle wells are subject to the totel combustion chamber, but
the coolant mainteins the wells at a much lower temperature. In each of
these rockets the heat flow 1s from the burning gases to the solid walls
end in each case; the gas, therefore, is at the higher temperature. ,

With the nuclesr thermal rocket employing a solid-core reactor to
heat the propellant, the heat flow is from the solid fuel elements of the
reactor to the gaseous propellant, and the solid materiel must, therefore,
withstand a higher temperature than the propellant.

The essentlal data that determine the propellant velocity for these
rockets are shown in teble IIT, in which the propellent temperature, mole-
cular weight and velocity (listed as jet velocity) as well as material
temperatures are summerized. The first column lists the fuels and oxi-
dants. The symbol RP-1 is for a hydrocarbon fuel that is essentlally
kerosene. The propellant (combustion) temperatures listed are approximate
and reessonsble changes in them will not change the picture presented. For
the solild chemical rocket two material temperatures are specified. Since
the nozzle temperature (3200° F) is extremely severe, the duration of oper-
ation of solid chemical rockets is limited. Because the liquid chemlcal
rocket combustion chamber and expansion nozzle are cooled by either fuel:
or oxidant, the duration of operation is not limited by the materials and
is adjusted to that suitable for the mission. Operation times for liduid
rockets are as much as several minutes. An additional advantage of liquid
rockets is that they can be stopped and restarted.
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With the nuclear rocket, since heat flow is from the reactor to the
propellant, the propellant temperature is limited to a value less than
that for the reactor material. A difference of 250° F is shown. Two tem-
peratures are listed without regard to the methods or possibilities of ob-
taining these temperstures.

Representative propellant molecular welghts are shown in the fourth
column. Remembering that the propellant velocity varies as the square root
of the ratio of propellant temperature to propellant molecular weight (eq.
(12)), it is seen that thé major cause of variation in propellant velocity
(column 5) results from the variation in molecular weight. The improvement
in specific impulse, as represented by propellant velocity, is clearly evi-
dent as one reads down the figure.

A serious problem with the nuclear thermal rocket is presented by the
weight of shielding required to protect the payload against nuclear radia-
tion. In figure 35 a light shield is indicated between the reactor chamber
and the propellant pump. The temperature limitation lmposed by the solid nuclear
reactor could be much less if the nuclear peaction could take place directly
within the propellant gas (fig. 36). The materials temperature limit of
7000° F is about the highest that can currently be visualized (fig. 27),
although not currently obtainable by any known means, for the solid reactor.
The specific impulse for the gaseous reactor is shown to values of 8000
pounds of thrust per pound of propellant per second. Much research will be
required before the gaseous reactor can be evaluated in regard to
practicability.

Earlier mention was made in the discussion of the effect of ratio of
gas pressure in the combustion or heating chamber to the pressure (ambient)
into which the propellant discharge take place. At sea level (on the earth's
surface) the discharge pressure is that of the atmosphere, 14.7 pounds per
square inch. The chamber pressure is generally limited to values of 500
to 1000 pounds per square inch so that excessive wall thickness will not be
required. In this case the pressure ratio is between 34 and 68. As the
altitude decreases the ambient pressure decreases becoming essentially zero
outside the earth's atmosphere. Under this condition the pressure ratio
would be infinite. There is a practical limit to the ratio of the discharge
nozzle exit area to that of the throat (Ac/At): the narrowest section of the

nozzle (fig. 35) that prevents realization of the full gain of high pressure
ratios. In practigse, this ratio is limited to say, 50, which Is théncorrect
valué fotf a pressure ratiolof .about 500. . Purthefmore, nozzles operating at
pressure ratios less than that appropriate for the nozzle area ratio, suffer
a loss in efficiency. For this reason, the area ratio up to 50 is chosen
depending on the altitude range over which the rocket is to operate. The
effects of altitude (pressure ratio) on the specific impulse for two area
ratios is shown in figure 37. The lower ratio is designed for a rocket .
that is to operabe in the lower atmosphere. It reaches .its meximum effi-
clency at a pressure ratio of ebout 100. With a chamber pressure of 500
pounds per square inch, this would be at an altitude of 100,000 feet. The
higher area ratio corresponds to use in space and 1s less efficient at the
low altitudes.
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Rocket Staging Ty

We have now discussed the effect of chemical propellant choice on spe="
cific impulse. In those cases for which obtainsble specific impulses are"ﬁ
too low for missipn accomplishment, rocket staging is used. In figure- 38,
equation (7) is repeated and certain results are shown for the effect of -
the ratio of propellant mass (Mp) to gross vehicle mass (My) on the attained
increase in vehicle veloc1ty. It is assumed that launching is from the -~
earth's surface and that the propellant velocity is 6000 miles per hour
(specific impulse, 273 1b/(lb propellant)(sec)). Listed on the curve are -
the veloclity increases required for certein missions. The maximum velocity
Mp  Mp )
L Mg T MSt + Mg/
Assuming that the minimum value for t/MG with no payload is O. 125 to -
e M i
0.075, .(that is o fM- = 0.875 o 0. 925) the meximum attainable Vehidle -

velocity is from 10, OOO.to 14,000 miles per hour, sufficient for -an IRBM
misSion‘but,insufficient for spece missions. As Just stated, this defi-
clency. is overcome by staging, that is, by mounting successively smeller.
rockets on the first rocket (first stage), with the desired payload mounted.
on the last stage, that is, the smallest rocket. As each stage completes

its operation, the powerplant and other structure for this stage are dropped:.
off: .As a result, the mass to be accelerated is continually decreased with .
8 conseguent decrease in thrust end rate of propellant discharge required. _
In & multistage rocket, the payload of each stege is considered to be the sum
of the masses of all the subsequent stages plus the final payload that is o .
perform the desired mission. In this case the velocity of the final payload
is the sum of the velocity increases of the individual stages computed -
according to equations (8) or (7)

for a given rocket will be stteined with no paylosad, (that ig, =—

Ty, = Vg o+ Ty, + Ty, ete (15)
in which R
VVt total velocity increase
Vvl increase during first stage operation
sz ‘ inérease during seCOndvstage 6peration, and. S0 forth

An example of staged rockets is shown in figure 39 for the left hand
rocket. It is assumed that g 100-pound payload is to be used as a moon ]
probg. It is further assumed that the required velocity increase is to be e
achleved in three stages of 8000 miles per hour each, further, for each .

Mgy
Mg + Mp + Mpp,
leaving a ratio of M?L/MG of 0.09. These ratios are held constant through-i
out the calculations for the oxygen - CgHyg rocket. (RP-1 is considered =
equlvalent to céHIB) Certain assumptlons are made in regard to gravlty

stage the ratio MP/MG is 0.82 and the ratio of is 0.0Q,
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losses’(get) The third stage of the oxygen - CBHlB rocket is computed to

be as shown. The total third stage welght, 1nclud1ng payload of 1100 pounds,
becomes the payload of the second stage. (Ratios of payload to gross stage
welght are, in general, appreciably higher then the value used here; but . -
this does not change the general conclusions as presented.) Following through
these calculations; the gross weight of the vehicle . at takeoff is 135,500
pounds. .The desired velocity lncrease of 24,000 miles per hour has been .
achieved, although the ratio of (MSt3 + MPLS)/MGl is (100 + 100)/135,500

or 0.001l5, instead of about 0.02 required (flg 58) if a s1ngle stage rocket
.could have been built to do the job. ‘

A higher specific impulse propellant cen be used to decrease the number
of stages and the gross weight at launch to place the 100-pound payload in -
the proximity of the moon, or to permit a greater final payload for the same .
gross weight at launch. The estimated results for the greater final payload
are shown with the middle vehicle in figure 29 for a three-stage rocket sys-
tem employing fluorine-hydrogen as the propellant. In the computations, be-
cause of lower propellant density, the ratio of MSt/MG is assumed to be

0.1l2. Because of the higher propellant velocity (specific 1mpulse), the pay-
load of the first stage is 30,200 pounds, a two to threefold increasé over

thet with the oxygen - Cglyg system. The increase is continued through the
other two stages so that the final payload is 1500 pounds. The use of fluorine
as an oxidant presents many problems. For instance, it is very corrosive.

For this reason, a third rocket system is presented to show the kind of improve-
ment that might be realized by using the upper two stages with hydrogen-

oxygen as & chemical high-energy propellant. For these two upper stages,

Mgt/My 1s again assumed to be 0.12. 1In this case the final payload is 400

pounds.

The nuclear thermal. rocket permits still higher specific impulses. The
analysis of the gains to be realized through its use are dependent on the
amount of shielding required and on the tempersture which the reactor can
withstand. Certain gains that may be obtained will be briefly discussed
later.

Means of Increasing Temperature Limits

The thermal limitations imposed by the rockets shown in figure 35 can
be greatly lessened if rockets of the types shown in figure 40 can be deve-
loped. In the first two examples the gas is heated by nuclear fission or
fusion, heating teking place directly within the gas under such temperature
conditions that a plasma exists, and the hot plasma is prevented from con- -
tacting the heating chember walls by means of an electromagnetic field. The
second example represents a variant of the example shown in figure 36. In
the third example electric discharge heating is used in which the hot ion-
ized particles do not impinge on the chamber wall. The devices illustrated
are simply meant to represent kinds of devices under considerstion without
regard to their present spplicability. Other devices are also being con-
sidered, which are very much in the research stage. Considerable research
is needed to narrow the field down to those projects that warrant an inten-
sive development effort.
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a ’Electric Propulsion'systems V

The propu151on system in which the propellant 1s accelerate& b” means‘¢f§
of an electric or electromagnetlc field:: is shown dlagrammatlcally nfig-
ure 41 (see also fig. 7). In this case, the propellant is fed 1nto“a\; ,
mechanism .(labelled ionization device) and charged electrlcally.‘ ‘AsSuming o
the charge is acquired by the removal of one or more electrons per partlcle,
the propellant becomes either an ionized gas in whlch Gase the electrons are =
physically separated from the ions; or it becomes a plasma in Wthh case the .
conditions are such that the ions and electrons can remain together without °
recombination. For the ionized gas, an electrostatic field is the ‘acceler-'"
ator; for a plasma, an electromagnetic field is the accélerator. In either
case, propellant velocities of several hundred thousand miles an hour (spe-
cific impulses of 10,000 lb/lb ‘propellant discharged per sec or more) can
be attalned. ‘ '

D

other factor which must now be considered 1s the power 1n the pro-
pellant Jet

=

S w0

o

in which Pp is power in jet. The force, or thrust, produced by the Jet is

M
F?*EVP

in which F - is thrust produced. -Obviously, this force can be.kept~constént.w
by decreasing the mass rate of propellant. discharge 'M?/tu:andyincreasingﬁ VP‘
proportionately. However, in this case, the jet power is increased to the -
same degree the velocity is increased.

With the chemical rockets,the powerplant mass;-‘that is, the mass of
propellant pumping system plus the combustion chamber plus the expansion
nozzle is quite low. With the nuclear thermal rocket the weight will be"
reasonably low, providing shielding weights are kept déwn. With'the elec~3v5*
tric rocket systems, ion or plasma jets, this is not the ‘case. Reprssen-
tative values ‘are shown in table IV. The second column “lists the horse~ *
power per pound of thrust. This value, as pointed out prev1oﬂsly, varies:
directly with specific impulse (propellant velocity), listed in the first
column. The pounds of powerplant per pound of thrust shown for-the nuclear c
electric rocket in the last column indicate a major problem to be overcome o
or compensated for. As mentioned previously, with the electric’ nuclear
rocket (ion jet or plasma jet), the acceleration results from the action’
of an electric or electromagnetic field. The power in the propellant Jet
must be supplied from this field and must be generated by some form° of -
electric generating system. Also, as mentioned previously, the energy -
source for generating this power will almost certainly be nuclear. Cur-
rently, this means a thermal turboelectrlc generator with the working
fluid heated in the reactor (flg. 42) Since the system is acting in
space with no external cooling medium available, the radiator must lose -
heat through radlatlon. “This w1ll,mean a relatively large radlator, In
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computing the mass per pound of thrust for the electric rocket, a minimum
weight ‘of ten pounds per horsepower las been assumed for the electrlc
power system shown in figure 41. Using this figure and assuming a power-
plant weight of 40 percent of the gross vehicle mass, the ratio of thrust
to gross mass is 10-%4, For this reason, the electric propuls10n systen
can be considered only for those flight conditions in which the resultant
of all gravitational forces acting on the vehicle counter to the desired
direction of motion is less than 10~ of the vehicle mass, or that a R
velocity has already been given to the vehicle to counterbalance the ef-
fect of these gravitational forces. In any case, the vehicle acceleratlon
will be extremely low, of the order of 10-4 times that due to gravity at
the earth's surface.

With the electric propulsion system, it must be remembered that the
electric power must accomplish the ionization of the propellant as well
as the acceleration. Referring again to figure 21, going through the
necessary calculations will show that at the specific impulse given in
tabhle IV with cesium as the propellant in the electric rocket the ioniza-
tion energy (or power) is about 0.02 percent of the propellant jet energy
(or power). With hydrogen, the figure is 15 to 20 percent, an appreciable
loss.

A partial comparison of thermal and electric propulsion systems is
shown in table I in which a trip from earth orbit to & moon landing and
return to earth orbit is considered. The influence of propellant velocity
on propellant mass ratio (MEJMG and on the ratio of propellant Jjet power
to thrust produced (P/F) is shown. As discussed previously, chemical
rockets for this mission would have to be staged, since a maximum ratio
of MP/MG of 0.85 to 0.90 is about as high as is practical in a single

stage.

Electric Power Generation

Since electric power will, in general, be required aboard spacecraft
aside for uses other than propulsion additional means of generating
electric power for spacecraft are under consideration, Figure 43 is pre-
sented to show a choice of power generation system based on required power
output and required use time. The hydrogen-oxygen fuel cell is a form of
chemical battery. Two additional types of systems are also being con-
sidered. - thermionic emitters and thermopiles (fig. 44). Based on current
results, their use will be appropriate for the longer operating times,
say, of 10 days or more and power outputs up to the low kilowatt range.
Much research is being conducted on these systems to improve their effi-
ciencies which are currently of the order of 5 to 8 percent. Either a
nuclear reactor, a radioisotope: decay source, or the sun can be used for |
the energy supply.

Current Status of Propulsion Systems

The general development status of the various space propulsion systems
is summarized in figure 45, which is from Dr. Sutton's 1959 Minta Martin
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lecture (listed in the bibliography). The uses of certain of the systems are
summarlzed in flgure 36, also from Dr. Sutton 8 paper.

Other Types of Propulsion Systems

Propulsion systems other than those already discussed ares under consider-
ation. The solar sail using the force of the sun’s radiant energy has been
mentioned;(fig. 47). The force varies inversely as the sqguare of the dis-
tance from the sun. At the distance to the earth, the force is 2%.0-7 pound
per sguare foot, This means for a thrust-mass ratlo of 10-4, that is, 500
square feet of sail is required for each pound of vehicle mass. :

Another method that has been discussed is to use a series of nuclear
explosions (fig. 48), the explosive force of which would accelerate the
vehicle. There is the matter of using nuclear fission products directly
as the propellant (fig. 49). Again, we might consider photons (energy -
impﬁlses).ejected from a high temperature,surface4(fig, 50),'in which the
necessary heat is supplied by a nuclear reactor. Systems such as these are
being studied to determine the interest that should be placed in ‘them and’
to determine the research necessary for practical developments.

. APPLICATTONS

In general, as the required velocity change 1s increased or as.the’
mass of the payload is increased, the higher specific impulse nuclear
powered propulsion systems become more advantageous. The reason for this
is, of course, the higher specific impulse, gives a higher vehicle velocity
change for a given ratio of propellant mass (Mp) to vehicle gross mass (My).
In addition, with nuclear energy, grester payloads mean that the nuclear
reactor and shielding masses become a smaller portion of the total mass,
since the- specific mass of the reactor plus shield, that is, pounds per
horsepower output deereases as the power increases.

In the case of the electrlcal systems, the mass of the powerplant is-
still so great “that the system can only be used at extremely low ratlos
of thrust to vehicle mass. :

In figures 51 and 52 respective estimates are presented of the gross
mass required in-an earth orbit to permlt a manned m1551on to - land on the
mooh or Mars and return to earth orbit. ‘

A1l weights shown in the bar graphs are the initial weights that must
be launched into an orbit at a 400 mile altitude to get the mission under-
way. For these manned missions, an auxiliary chemical rocket vehicle is
carried along to-land part of the crew, with exploration equipment, on
the surface of the moon or Mars and to take them back to the mother ship,
which remains in an orbit having an altitude of about 100 miles above the
moon or 200 miles above Mars. The weight of this auxiliary rocket, plus
its fuel and the crew's exploration equipment, is labeled "Landing and
Exploration” on the bar graphs. The "Basic Payload" consists of the
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crew, cabin, environment control equipment, navigation and communication
equipment, and scientific instrumentation, but does not include the sub-
sistence supplies, since these disappear during the course of the mission.

In each figure, "I" represents the specific impulse in pounds of
thrust per pound of propellant discharged; F/Wb, the ratio of thrust pro-
duced to vehicle mass; and "a'" the ratio of powerplant mass to propellant
Jjet horsepower. For the moon mission the higher specific impulse chemical
rocket gives results comparsble to that for the nuclear (thermal) rocket.
The nuclear electric rocket given somewhat lower gross weights, but the
low thrust to mass:ratio would require of the order of 50 days to leave
the earth orbit, too long a time for a moon trip that could be completed
in a few days.

For the Mars trip the nuclear systems show great improvement over
the chemical systems. The higher gross mass involved and the higher
velocity changes required both work in favor of the nuclear systems. Here
the choice between the nuclear thermal rocket (listed as Nuclear Rocket)
and the nuclear-electric propulsion system is not clear. More research
is needed.

A simpler mission, a Mars probe from the earth is illustrated in’
figure 53. Radiation shielding requirements with the nuclear thermal.
rockets are lessened, because living matter is not aboard. The nuclear
rockets result. in considerable improvement in payload. Takeoff from the
earth with a nuclear thermal rocket (listed as nuclear boost) entails
radiation hazards that cannot, in general, be tolerated at the present
state of development.

CONCLUSIONS

For flight outside the earth's atmosphere the chemical thermal rocket
currently dominates the picture and will do so until the research on
nuclear devices leads to practical engineering applications. The choice
between liguid or solid chemical propellants for space propulsion is
currently being decided in favor of the former, except for smaller upper
stages. Additional research is needed to determine the full potential of
either system.

As progress is made in adapting nuclear energy to spacecraft, the
currently too difficult space missions will become practical. The choice
between nuclear-thermal and nuclear-electric systems is uncertain at this
time. Again, research is required.

The research emphasis in flight propulsion from air-breathing to .
rocket engines has increased the required research areas many times. There
is & great need for the kind of exploratory research that will permit us
to focus our efforts. The expense and time involved makes coordination
and organization of effort increasingly important.
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Figure 45. - Development status of varlous

Figure 44. - Spacecraft power gemeration.

rocket engines.

g : é 1y

S A AR
5Pt PRGH ONBIT /0@ |2 |2|% |0
e | @ @O O|OIOI0]@
P—— 2\ @|0|0|0|0|0|@
ole|o|o|olo|olo
mueam cmcros | O | @O | OO |O|O| @
@le|o|o|lolo|o|e
olo|e|e|e|elo|e

O e P

@) rccertance

@ uoesmanne

Buitability of Various Propulsion Systema

to Different Intarplanetary Maneuvars
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Figure 47. -~ Photon sail.

Figure 46. - Suitability of various propulsion

systems to different interplanetary mancuvers.
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